It has been suggested that decreasing muscle pH because of the accumulation of lactic acid is a fatigue factor during high-intensity exercise [1] [2] [3] . Lactic acid production in muscle releases lactate (Lac Ϫ ) and hydrogen ions (H ϩ ) within the physiological pH range. Therefore the accumulation of lactic acid causes metabolic acidosis. The decrease of intracellular pH brings about muscle fatigue through several mechanisms such as decreasing skeletal muscle tension, relaxation [4] , and the inhibition of phosphofructokinase activity [5] . However, the body has an ability to restrain the decrease of intracellular pH, which is known as buffering capacity. It has been suggested that a higher buffering capacity can better stabilize the intracellular pH and better enhance the capability for high-intensity exercise performance.
buffering in skeletal muscle, which maintains the acid-base balance when a large quantity of H ϩ is produced in association with lactic acid accumulation during high-intensity exercise [8] [9] [10] . It is suggested, therefore, that the high carnosine concentration exhibits high power during the latter half of high-intensity exercise of a short duration in which lactic acid is generated and the intracellular pH decreases. However, only minor research has examined the relation between carnosine concentration and high-intensity exercise performance. Furthermore, there is no research in which the duration of high-intensity exercise is divided into several fractions and the relation between the power in each time interval and carnosine concentration is examined.
In research on humans, it has been reported that the carnosine content in Type II muscle fiber is twice as high as that in Type I [11] , and that the carnosine concentration is also significantly correlated with the ratio of the number of Type II fiber to that of total fibers (% Type II fiber) [10] . Furthermore, Mannion et al. [12] indicate that carnosine concentration demonstrates a positive but nonsignificant correlation with the ratio of Type II fiber area to total fiber area (% Type II fiber area). On the other hand, Type II fiber can be classified into 2 types, IIA and IIX [13] . In research on the relation between muscle fiber types and exercise performance, the changes in muscle fiber types caused by various types of training were evaluated by the use of a subtype category of the muscle fiber type. However, research that examines the relation between the carnosine concentration and the subtype of Type II fiber are conducted only on horses [14, 15] and camels [16] , and no research in humans has yet been done undertaken.
The purpose of the present study was to examine the relations among the skeletal muscle carnosine concentration, fiber-type distribution, and high-intensity exercise performance. ). The subjects were not especially well trained, but they were regularly active in sports. Before their participation, verbal and written explanations of the study procedure and potential risks were administered, and all subjects gave their written informed consent to participate.
MATERIALS AND METHODS

Subjects
High-intensity exercise performance test. For an assessment of the high-intensity exercise performance, the subjects performed 30-s maximal cycle ergometer sprinting on an electronic-braked cycle ergometer (TKK1254a, Takei Scientific Instruments Co., Ltd., Tokyo). They were familiarized with sprint pedaling before the sprinting. A standardized warmup, which consisted of 2-min pedaling at 60 and 120 W followed by 10 s at 300 W, preceded the test. Five minutes after completing the warmup, the subjects performed the 30-s sprinting. The resistance load was 7.5% of body mass. All subjects were asked to pedal maximally and received strong verbal encouragement throughout the sprinting. Power was recorded every 10 ms and averaged over 1-s time intervals until the end of the sprint. In the present study, the maximum 1-s average was referred to as the peak power output, and the corresponding integral for the entire 30 s of exercise was referred to as the mean power output. The peak power and mean power per body weight were calculated and expressed in W/kg.
Preparation of human skeletal muscle. A specimen of the vastus latelaris skeletal muscle of each subject at rest was obtained by use of the needle biopsy technique [17] 6-7 d before the 30-s sprinting. The muscle samples were taken from the right vastus lateralis. Parts of these samples were mounted on a specimen holder in O.C.T. compound (Miles TissueTek L) and frozen in isopentane previously cooled to a viscous fluid with liquid nitrogen. The other parts were immediately frozen in liquid nitrogen. All samples were stored at Ϫ80°C until assayed.
Muscle analysis. The samples frozen in isopentane were used for a histochemical analysis. Transverse sections (10 m) were cut from each muscle by the use of a cryostat maintained at Ϫ20°C, and the sections were mounted on a cover glass. Myosin adenosine triphosphatase (ATPase) staining was performed after preincubation at pH 4.6 and 10.3 according to the techniques described by Gollnick et al. [18] . Muscle fibers were identified as Type I, IIA, and IIX fibers on the basis of the myosin ATPase [13, 19] . A composite photomontage of each ATPase preparation was made with micrographs, and each fiber was then identified and counted with a hand counter. A muscle cross-sectional area was estimated with a 3-CCD video camera (Victor, Kanogawa: KY-F55B). The video camera was attached to a microscope (Nikon, Tokyo). The software used for storing and analyzing the microscopic images were ImageGrabber PCI and NIH image 1.57, respectively.
The muscle samples frozen in liquid nitrogen were used for the carnosine analysis. The muscles were accurately weighed on a microbalance and homogenized at 0°C in 70% ethanol. The homogenate was extracted at 100°C and filtered through a 0.45 m filter. The filtered sample was volatilized at 100°C and diethylether was added to it. The supernatant fluid was discarded, and the sample liquid was desiccated in a centrifugal machine. Sodium hydroxide (0.01 N) was added to the desiccated samples, and the mixture was left at room temperature for 4 h. Hydrochloric acid (0.02 N) was added to it and then the sample was analyzed at the Chemical Analysis Center, University of Tsukuba. The carnosine concentration was determined with an amino acid autoanalyzer (JLC-300: JEOL, Ltd., Tokyo) equipped with a single-column lithium hydroxide buffer system. Separation was carried out on an equipped column (6ϫ90 mm) packed with cation exchange resin (LCR-6, JEOL).
A quantitation of histidine and carnosine in the samples was performed based on the comparison of the integrated peak areas of the samples with those on the standard curves. The standard curves were established at the beginning and at the end of the preparation of each new ninhydrin solution. The retention time of histidine and carnosine appeared to be 96 and 110 min, respectively.
Statistics. All data were presented as meanϮ standard deviations (SD). The relations between variables were examined by calculations made with the product moment correlation technique. A significance level of 0.05 was chosen.
RESULTS
Data obtained from the muscle biopsy analysis were presented in Table 1 . The carnosine concentration was 3.66Ϯ1.87 mmol · kg Ϫ1 wet muscle. The power output profiles during 30-s maximal cycle ergometer sprinting were shown in Fig. 1 . The peak power output was achieved within the first 5 s of exercise and declined thereafter. The peak power and mean power outputs throughout the sprinting were equal to 12.1Ϯ0.7 and 8.4Ϯ0.4 W · kg Ϫ1 , respectively. Table 2 showed the correlation coefficient between carnosine concentration and muscle fiber composition. There was a significant positive correlation between the % Type IIX and carnosine concentration (rϭ0.646, pϽ0.05). Table 3 showed the correlation coefficients between mean power and peak power during 30-s maximal cycle ergometer sprinting, and the muscle property data. The carnosine concentration was significantly correlated with the mean power (rϭ0.785, pϽ0.01; Fig. 2 ). However, it demonstrated a positive but nonsignificant correlation with peak power (rϭ0.598, ns; Fig. 2 ). On the other hand, there was a significant pos- 
DISCUSSION
It has been reported that the carnosine concentration for untrained males using a wet muscle sample is 3.75Ϯ0.67 mmol · kg Ϫ1 [10] . In the present study, the mean value of the carnosine concentration was 3.66Ϯ1.87 mmol · kg Ϫ1 wet muscle, which was similar to that reported in the literature. On the other hand, it has been previously reported that the carnosine level for male subjects using a dry muscle sample has a mean value of 12.5-30.7 mmol · kg Ϫ1 [20] . This difference was probably due to the water content in biopsy samples. Because the mean water content in the samples at rest is 77.9Ϯ1.7%, 1 mmol · kg Ϫ1 of dry muscle mass is equal to 0.23 mmol · kg Ϫ1 of wet muscle mass [21] . Based on this finding, when the carnosine concentration in wet muscle in the present study was converted into that in dry muscle, it equaled 15.9 mmol · kg
Ϫ1
. Therefore the carnosine concentration obtained in the present study was thought to be reliable.
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Japanese Some research has examined the relation between carnosine concentration and fiber-type distribution, but none has examined the relation between the carnosine concentration and the number of subtypes of the muscle fiber in humans. In the present study, when the relation between the carnosine concentration and the number of Type IIX fiber was examined, a significant positive correlation (rϭ0.646, pϽ0.05) was found ( Table 2 ). This finding suggested that the carnosine concentration was high in the individuals who had a great many Type IIX fibers, and it was almost the same as that reported in the previous study, which used horses [14, 15] . Bump et al. [14] suggest that Type IIB fiber and carnosine content are higher in quarter horses (sprinters) than in thoroughbreds and standard breeds, and that significant correlations (pϽ0.05) were found between the carnosine content and the % Type IIB fiber. Moreover, Sewell et al. [15] suggest that the estimated carnosine concentration is more than double in Type IIB fiber than what it is in Type IIA.
On the other hand, there was no interrelation of the carnosine concentration with the % Type II fiber or the % Type II fiber area in the present study. In the previous study [10] , since a heterogeneous group consisting of sprinter, rower, marathon runner, and untrained members composes the study subjects, the number of the % Type II fiber varies from low to high among the subjects. This study then indicates that carnosine concentration has a significant positive correlation with the number of the % Type II fiber, but the correlation coefficient value is small. Furthermore, Mannion et al. [12] indicate that there is a tendency for the higher carnosine concentration to be associated with the higher % Type II fiber area (nϭ18, rϭ0.43, pϭ0.073). Therefore carnosine concentration has a relation with the % Type II fiber and the % Type II fiber area, but it is not as strong as the relation with the % Type IIX fiber.
Many studies report that Type IIX fiber shifts to Type IIA fiber through various types of training [22] [23] [24] [25] , which suggests that trained man has many Type IIA fibers, but hardly has Type IIX fiber. Therefore the changes of the carnosine concentration because of training should be investigated in the further study.
We subsequently investigated the relation of results obtained through muscle histochemical analysis and carnosine concentration with high-intensity exercise performance. Because the % fiber area was generally used when it was examined about the relation between exercise performance and histochemical characteristics, we investigated the relation between the % fiber area and the high-intensity exercise performance in this study. As a result, a significant positive correlation was observed between the % Type IIX fiber area and mean power during 30-s maximal cycle ergometer sprinting (rϭ0.809, pϽ0.01; Table 3 ). Furthermore, there was a significant positive correlation between carnosine concentration and mean power (rϭ0.785, pϽ0.01; Fig. 2) .
On the other hand, a significant positive correlation of the % Type II and the % Type IIX fiber areas with peak power was observed (rϭ0.732, pϽ0.01; rϭ0.654, pϽ0.05, respectively), whereas no correlation was seen between carnosine concentration and peak power (rϭ0.598, ns; Table 3 ). Because it was indicated that the carnosine significantly contributed to the physicochemical buffering in skeletal muscle, it was hypothesized that the carnosine was related more to the power of the latter half of high-intensity exercise, during which lactic acid accumulated, than to the peak power that appeared in the early stages of exercise. To verify this hypothesis, we then investigated the relation between carnosine concentration and mean power of each 5-s phase during 30-s sprinting. As a result, significant correlations were observed between carnosine concentration and mean power in the final 2 phases (21-25 s: rϭ0.694, pϽ0.05; 26-30 s: rϭ0.660, pϽ0.05; Fig. 3 ). These findings suggested that people whose muscle carnosine concentration was high exhibited high power during the latter half of high-intensity exercise of short duration, i.e., 30-s maximal sprinting, resulting in a mean power enhancement.
In the present study, for the assessment of high-intensity exercise performance, the subjects performed the 30-s maximal cycle ergometer sprinting. On all occasions, the peak power output was achieved within the first 5 s of exercise and declined thereafter (Fig. 1) . It was suggested that intracellular pH might have decreased following lactic acid accumulation during the latter half. The muscle lactate value evaluated immediately after the 30-s sprinting is reported to reach more than 100 mmol · l Ϫ1 and the intracellular pH to decrease to 6.63-6.69 [26, 27] . Furthermore, Bogdanis et al. [28] indicate that intracellular pH decreases from 7.06Ϯ0.02 at rest to 6.94Ϯ0.02 after 10-s sprinting, and to 6.82Ϯ0.03 after 20-s sprinting. In consideration of these findings, intracellular pH was assumed to decrease with time, and it declined almost immediately after the 30-s sprinting. A decreasing intracellular pH results in muscle fatigue through several mechanisms, such as a decrease of skeletal muscle tension, relaxation [4] , and inhibition of phosphofructokinase activity [5] . Thus the buffering capacity, which delays the decrease in intracellular pH, is an important factor in determining high-intensity exercise performance.
The carnosine has a pK a Ј value of 6.83 at 37°C [6, 29] and functions as an effective H ϩ buffer over the physiological pH range [6, 30] . Thus people with a high level of carnosine in muscle tissue can stabilize the intracellular pH when a large quantity of H ϩ is produced in association with lactic acid accumulation during high-intensity exercise, and they can thus enhance their performance. This was supported by the results of the present study.
In conclusion, the results of the present study indicated that a significant correlation existed between the human muscle carnosine concentration and the % Type IIX fiber. This finding was similar to that reported in a previous study that used horses [15] . It was also shown that people whose muscle carnosine was high could exhibit high power during the latter half of the 30-s maximal cycle ergometer sprinting. These results suggested that the muscle carnosine concentration could be one of the important factors determining high-intensity exercise performance.
